While geographic distance often restricts the spread of pathogens via hosts, this barrier may be compromised when host species are mobile. Migratory waterfowl in the order Anseriformes are important reservoir hosts for diverse populations of avian-origin influenza A viruses (AIVs) and are assumed to spread AIVs during their annual continental-scale migrations. However, support for this hypothesis is limited, and it is rarely tested using data from comprehensive surveillance efforts incorporating both the temporal and spatial aspects of host migratory patterns. We conducted intensive AIV surveillance of waterfowl using the North American Mississippi Migratory Flyway (MMF) over three autumn migratory seasons. Viral isolates (n ‫؍‬ 297) from multiple host species were sequenced and analyzed for patterns of gene dispersal between northern staging and southern wintering locations. Using a phylogenetic and nucleotide identity framework, we observed a larger amount of gene dispersal within this flyway rather than between the other three longitudinally identified North American flyways. Across seasons, we observed patterns of regional persistence of diversity for each genomic segment, along with limited survival of dispersed AIV gene lineages. Reassortment increased with both time and distance, resulting in transient AIV constellations. This study shows that within the MMF, AIV gene flow favors spread along the migratory corridor within a season, and also that intensive surveillance during bird migration is important for identifying virus dispersal on time scales relevant to pandemic responsiveness. In addition, this study indicates that comprehensive monitoring programs to capture AIV diversity are critical for providing insight into AIV evolution and ecology in a major natural reservoir.
G
eographic distance often limits the spread of pathogens between susceptible host populations (1) . However, highly mobile hosts can transfer pathogens quickly across space (2) . An example is how the migratory behaviors of waterfowl in the order Anseriformes, a major reservoir host for influenza A virus (AIV) diversity, can spread these viruses across broad geographic distances (3) (4) (5) . Much of the genetic diversity giving rise to AIVs which infect poultry, swine, and humans (4) is found in migratory ducks and geese. Each of the four human pandemic strains emerging in the last 100 years has contained genetic segments derived from avian-origin AIVs (6) . Therefore, understanding the genomic diversity of AIVs circulating in the Anseriformes, along with other natural reservoirs, is important for preparing for future pandemic threats (7) .
Influenza A virus is a single-stranded RNA virus of the order Orthomyxoviridae and contains eight separate RNA genomic segments that readily reassort with each other during coinfections to form ever-changing genomic constellations (8) . In waterfowl, AIV infections are typically caused by low pathogenic (LP) avian-origin influenza A viruses (5, 9 ; but see reference 10). This absence of observable clinical signs suggests a limited effect on host species behavior (11) , which presumably permits virus spread over varied distances via infected hosts during migration. Many studies implicate birds in the movement of AIVs (12) (13) (14) and have speculated on the potential for movement of highly pathogenic (HP) viruses out of regions of Asia where they are endemic (15, 16) . However, there is limited evidence for the spread of diverse AIV strains by wild birds, especially over shorter periods; thus, the significance of host waterfowl in spreading AIV is still debated (17, 18) . Recent studies described the movement of AIV genetic diversity in North America over decade-long time frames (19, 20) . To better understand influenza A virus evolution in the natural host and to aid in our ability to effectively respond to viral threats to public and animal health, the movement of AIVs must be understood for shorter time frames that are relevant to disease events. These events can occur quickly, as witnessed in 2013 in China, where a novel H7N9 virus of avian origin was detected in humans and within months had caused hundreds of infections (21) , as well as in recent outbreaks of Asian-origin, highly pathogenic H5 AIVs in wild and domestic birds in multiple locations in western North America (22) .
In North America, most waterfowl species undertake annual continental-scale migratory movements in one of four migratory flyways ( Fig. 1) (23) . The current hypothesis is that subclinically AIV-infected waterfowl move viruses over geographic space within short periods coinciding with mass migration from their breeding grounds in the North to their wintering sites in the South (17) and that viruses are potentially brought back north by migrating shorebirds (order Chardriiformes) the next spring (24) . In the late summer and fall, large proportions of these flocks are comprised of immunologically naive juvenile birds that show a higher prevalence of AIV infections during this period (25) . As these birds migrate, they encounter other naive individuals from different geographic areas, thus increasing the potential for continued transmission of specific strains of AIV originating from other geographic areas (26) . However, the frequency of virus recovery is markedly lower at the wintering grounds and during the northern spring migration, and it is therefore difficult to establish the primary routes of AIV dispersal. However, if infected birds move AIVs between distinct breeding and wintering habitats within migratory pathways (i.e., along the flyway), then intensive AIV surveillance of these birds as they migrate should result in the detection of an increased number of AIV dispersal events annually within these corridors.
The objective of this study was to determine the patterns and extents of AIV movement in the largest North American migratory bird flyway by volume, the Mississippi Migratory Flyway (MMF), by sampling birds migrating south on their autumn migration following peak AIV infectivity in these waterfowl (27) . We strategically selected AIV surveillance sites along the migratory route to capture viruses at multiple locations as these viruses moved with their infected reservoir host populations. Here we describe the patterns of movement and the regional persistence of lineages of AIV gene segments within the MMF, providing insight into the dispersal of AIV by migratory birds over shorter time frames than have primarily been examined. In addition, we use our results from the MMF to make recommendations for the design of future wild bird surveillance efforts while further defining the natural history of AIV in an important natural reservoir.
MATERIALS AND METHODS
Sample collection, influenza A virus isolation, and sequencing. We conducted AIV surveillance during the North American autumn migratory seasons annually at 18 to 28 study sites along the Mississippi Migratory Flyway (MMF) from July 2008 to February 2011 (Fig. 1) . These dates span three complete autumn migratory cycles for Anseriformes species in the MMF (July 2008 to February 2009, July 2009 to February 2010, and July 2010 to February 2011). Specific study sites and dates for sampling along the MMF were chosen based on the migratory patterns of Anseriformes species within the Flyway (23), accessibility to sites, local consent and support of wildlife managers and hunters, and site-specific waterfowl species diversity and availability. Cloacal swabs were collected from livecaptured and hunter-killed Anseriformes birds. The cloacal swabs were placed in a virus transport medium containing antibiotics (5). Live-captured birds were swabbed during the early portions of the migratory season (July and August of each year), while hunter-killed samples were sampled later in the season (September to February of each year). Samples from hunter-killed birds were collected on the opening day of the hunting season for each respective state hunting zone, with follow-up visits to the same locations 3 to 6 weeks later to obtain more comprehensive sampling of viral lineages present at each location. Hunting seasons occur earlier in the autumn (e.g., September) in northern states and continue later into the migratory season (e.g., February) in the southern states and are established based on the timing of regional migratory patterns of North American waterfowl.
Isolation of AIVs was carried out using standard viral isolation procedures after one passage through 10-day-old embryonating chicken eggs (28) . The presence of AIV was confirmed by testing allantoic fluid with FluDetect kits (Synbiotics Corp., San Diego, CA). Antigenic subtyping of all isolates was done at the National Veterinary Service Laboratories, Ames, IA, by hemagglutinin and neuraminidase inhibition techniques (29) and for pathogenicity assessments of all H5 and H7 isolates.
Following isolation, the complete coding genomes of the influenza A viruses were sequenced as part of the NIH/NIAID-sponsored Influenza Genome Sequencing Project at the J. Craig Venter Institute. Viral RNA was isolated using a ZR 96 viral RNA kit (Zymo Research Corporation, Irvine, CA). The influenza A virus genomic RNA segments were simultaneously amplified from 3 l of purified RNA by using a multisegment reverse transcription-PCR (M-RT-PCR) strategy (30, 31) . Influenza virus M-RT-PCR products were randomly amplified and prepared for nextgeneration sequencing by using a sequence-independent single-primer amplification (SISPA) method (32) . Two aliquots were then submitted for sequencing with 454 GS FLXϩ (one plate) and Illumina HiSeq (one lane) sequencing technologies. The sequence reads from the HiSeq or 454 GS FLXϩ data were sorted by bar code and trimmed, and chimeric influenza virus sequences or noninfluenza virus sequences were removed. The reads were then mapped to the best-matching reference virus by using the clc_ref_assemble_long program. At loci where platforms agreed on a variation (compared to the reference sequence), the reference sequence was updated to reflect the difference. A final mapping of all next-generation sequences to the updated reference sequences was then performed.
Influenza A virus sequence data preparation. All nucleotide sequences for MMF AIV isolates were manually edited and aligned using Bioedit 7.2.0 (33). To address the potential for the AIVs isolated in this study to have originated from other MMF sampling sites, or possibly other flyways (i.e., Atlantic, Central, or Pacific), we supplemented our MMF AIV sequences with all available AIV sequences from avian species across North America obtained between June 2008 and March 2011 from the Influenza Research Database (IRD) (downloaded August 2014) to represent the existing and potentially contributing AIV genetic diversity observed in North America during our study (see Table S1 in the supplemental material) (34) . All sequences supplemented from the IRD were trimmed to include only the open reading frame and were prepared and aligned similarly to the MMF AIV isolates. Any genomic segments with total nucleotides of Ͻ95% of the total length of the open reading frame were discarded (Ͻ1% of the total).
Phylogeographic analysis of AIV genetic structure. To determine if gene migration events occurred nonrandomly and were indicative of the geographic structuring of genetic diversity (i.e., a lack of AIV movement) among MMF isolates, we used a method similar to that of Chen and Holmes (35) . Specifically, we constructed maximum likelihood (ML) trees for the nucleic acid sequences of each of the MMF AIV internal segments that were isolated and sequenced in this study ( (36) . For this test, we used only AIVs collected in this study to specifically address the question of whether we could detect the movement of AIV diversity within the MMF by following bird populations through the flyway. The hemagglutinin (HA), neuraminidase (NA), and nonstructural (NS) gene segments were not included in this analysis due to the deep divergences observed between major clades. A GTRϩ⌫ nucleotide substitution model was used based on results from Modeltest (37). We ran 1,000 bootstrap replicates to evaluate clade support for each segment tree. We then coded each isolate with the geographic location of sampling and used the Slatkin and Maddison test to count the number of gene migration events (s) on each gene segment tree (38) . We reconstructed the geographic ancestral states at every internal node along the tree by using a parsimony method implemented in the Mesquite package (39) . Any MMF AIV segment with identical nucleotide sequences was removed to avoid biasing the magnitude of gene migration. The observed number of state changes on each of the trees was counted and compared to the distribution of gene migration events (s) for a set of 10,000 randomized reassignments of isolates, using the same tree topology to calculate the expected s in a panmictic (i.e., no geographic barriers) population. The distribution of expected state changes from the randomized trees was then compared to the observed values to determine if any pattern of genetic structure existed within the tree. The P value for this test was calculated from the number of times that the observed s was larger than expected. Since study sites were not equidistant, we grouped sampling sites into two and four latitudinal distinctions. First, we used a broad classification between northern and southern sites (North/South). The second classification divided the study area into four latitudinal categories based on equal latitudinal divisions of isolates (North/mid-North/mid-South/South).
Estimation of viral migration rates. As a geographically broader extension to the analysis with the Slatkin and Maddison test, we conducted a discrete phylogeography analysis to determine the rate and directionality of AIV gene migration within the Mississippi flyway and among other flyways (i.e., Atlantic, Central, and Pacific), using time-stamped sequence data with a relaxed Bayesian Markov chain Monte Carlo method as implemented in BEAST v1.8 (40, 41) . Here we combined our smaller data set of MMF AIV isolates with all available AIV sequences from avian species across all North American flyways between June 2008 and March 2011 from the IRD, as discussed above, to represent the genetic diversity of AIVs in North America. State transition rate matrices (i.e., migration rates between discrete geographic categories) were measured separately for each of the five internal gene segments (PB2, PB1, PA, NP, and MP) to identify segment-specific migration rates independent of all other AIV segments within an isolate. Again, HA, NA, and NS were removed due to deep evolutionary divergences. Additionally, we ran a combined analysis where each of the five internal segment phylogenies and substitution rates was sampled and estimated independently but a single transition rate matrix was estimated using a joint migration process to identify the overall pattern of gene migration within the data set. A nonreversible, continuous-time Markov chain model was used to estimate rates between sites in the North and South (as defined above), as well as an additional, "other" category, which included all IRD AIVs outside the MMF (see Table S1 in the supplemental material). Due to the low frequency of AIV recovery in the southern latitudes, our AIV sample size in the South from 2008 to 2011 was limited (ϳ92 sequences for each segment) and likely does not represent the true phylogenetic diversity of viruses circulating in that region. Isolates from the "other" and "North" categories are more representative of the respective diversity of these categories. To avoid biasing migration estimates among geographic categories based on the sampling intensities and AIV prevalences in the "North" and "other" categories, we conducted 10 independent analyses whereby we randomly subsampled the IRD (with duplicates removed) and MMF sequences for the "other" and "North" data sets at sampling sizes equivalent to those collected in the South for each AIV segment (i.e., equal amounts from each of the three geographic categories). Each randomized data set represented the AIV diversity from 2008 to 2011 for North America and had approximately 280 sequences for each segment (i.e., 1,400 sequences per BEAST run for joint migration estimation). Additionally, subsampling of sequences made these joint analyses computationally feasible with the available computational resources.
For each BEAST run, we used an uncorrelated log-normal relaxed molecular clock and the HKY85 nucleotide substitution model. We used a time-aware Bayesian skyride coalescent prior for the segment-specific runs and a Bayesian skygrid coalescent for the runs estimating joint migration matrices. For every BEAST analysis, we performed 2 separate runs of 75 million generations each, with 25,000 generations sampled for each run to ensure convergence and effective sample size (ESS) values of Ͼ100. We used a burn-in of 10 to 15%, based on the exploration of the parameter space as measured in Tracer v1.5. For comparison of within-and between-flyway rates, we considered rate estimates between the North and South MMF locations to be within-flyway rates, while rate estimates that included other locations were considered between-flyway estimates. An edited BEAST v1.8 XML file implementing joint estimation is available for reference, as well as all R and Perl scripts used to conduct the analyses in this paper (https://github.com/friesac/Mississippi_Flyway_Material).
Nucleotide identity analysis. To characterize the movements of individual viruses rather than the generalized patterns identified in the phylogenetic analyses, in addition to accounting for the deep evolutionary splits confounding phylogenetic analyses of the HA, NA, and NS segments, we used pairwise percent nucleotide sequence identities (numbers of nucleotides shared between AIVs) to identify viruses moving between sampling localities (42) . The percent identity for each genomic segment was measured between all MMF isolates from this study, in addition to the other North American AIV isolates found in the IRD database for the period between June 2008 and March 2011 (see Table S1 in the supplemental material). We used the blastn utility in BLASTϩ to measure identity (43) . The time between isolation events (days) and the geographic distance (kilometers) were recorded for each pairwise comparison. Time categories were used to group AIV comparisons among migratory seasons, as follows: within a season (Յ200 days between isolations), across two seasons (Ͼ200 days but Յ600 days between isolations), and across three seasons (Ͼ600 days between isolations). Great-circle distances were calculated between the latitudes and longitudes of sampling sites for MMF isolates, and the latitude and longitude coordinates of the centroid of each state or province were used for IRD isolates.
For identity measures, we used a conservative criterion to infer movement of the same virus, which accounted for unequal mutation rates among AIV gene segments by using a variable nucleotide identity percentage for each AIV gene segment. The segment-specific cutoff was based on the percent nucleotide identity for observations in the upper 1% of a ranked distribution of every pairwise comparison for each segment (i.e., the nucleotide identity observed at the 100th pairwise comparison of 10,000 ranked pairwise comparisons ϭ 1% cutoff). This value changes with each segment because of various levels of genetic diversity observed within a segment. The nucleotide identities of all eight genetic segments (i.e., genetic constellation) for each isolate were compared among isolates as a proxy measure of reassortment. Constellations shared between viruses collected on the same day and at the same geographic location were removed from the analysis. To assess the significance of high-identity pairwise comparisons, we used two-way contingency tables evaluated with Pearson's chi-square tests (44) .
Nucleotide sequence accession numbers. The consensus sequences obtained in this study were deposited in GenBank under the accession numbers listed in Table S1 in the supplemental material.
RESULTS

Virus isolates.
A total of 297 isolates were recovered from 9,261 cloacal swabs and environmental samples collected from July 2008 through February 2011 (Table 1) . Samples were obtained from waterfowl sampled at 28 locations in nine U.S. states within the MMF (Fig. 1) . Initial antigenic subtyping identified 46 unique HA and NA combinations that included 13 HA subtypes (H1 to H12 and H14) and 9 NA subtypes (N1 to N9). Analyses of sequencing data indicated 40 distinct HA-NA subtype combinations, with the most common being H4N6 (8.1% of isolates). An additional 34 isolates showed mixed isolations of multiple HA and NA subtype combinations. Nucleotide sequences were obtained for all eight genomic segments for 291 of the 297 AIV isolates (see Table S1 in the supplemental material). Variations in the number of sequenced segments for each were typically due to the sequencing of mixed infections or sequencing difficulties. After trimming of nucleotide sequences to the sizes of the open reading frames, the lengths of each of the segments were as follows: PB2, 2,277 bp; PB1, 2,271 bp; PA, 2,148 bp; HA, 1,638 to 1,719 bp; NP, 1,494 bp; NA 1,209 to 1,437 bp; MP, 979 bp; and NS, 835 bp. Sequences for an additional 1,468 AIVs were included from the IRD/GenBank, representing 13,457 nucleotide segments that were collected in North America between June 2008 and March 2011 (Table 1; see  Table S1 ). Sequence information for all eight genomic segments was obtained for 1,184 of the 1,468 AIV isolates from the IRD, with 1,317 having at least five or more segments sequenced (see Table S1 ). Isolates from 39 different species were included in the total AIV sequence database.
Phylogeographic analysis. For the virus isolates collected in this study from birds as they migrated through the MMF, we observed fewer (P Ͻ 0.01) gene migration events than would be expected in a panmictic population, based on Slatkin and Maddison s values for five of the gene segments coding for internal AIV proteins (PB1, PB2, PA, NP, and MP) across each of the three migratory seasons (2008 to 2011) (see Fig. S1 to S5 in the supplemental material). This result was consistent for both geographic groupings (Table 2) Table 2) . Estimation of viral migration rates. For each of the 10 randomized BEAST data sets in which we estimated joint migration rate matrices across five of the internal segments, we found significantly higher migration rates estimated between North and South MMF sites than between the MMF sites and the "other" category (Fig. 2) . While the 95% highest posterior density (HPD) intervals overlap, within-flyway migration rate estimates were higher than between-flyway rates (Fig. 2) . North ¡ South rates were equivalent to South ¡ North rates (Fig. 2) . For segment-specific runs (i.e., estimated individually), transition rates between MMF isolates and isolates from other flyways were skewed toward elevated within-flyway rates, but not to the magnitude observed with the joint estimation (data not shown).
Pairwise comparisons of sequence identity. On average, 515,088 pairwise comparisons were examined for each AIV segment to determine the relationships of AIVs within the MMF and between other North American flyways (Table 3) . Based on a 1% cutoff value, there were ϭ 492.75 ( ϭ 382.73) "matching"/ similar segments identified per gene segment. The percent identity for the 1% cutoff criterion was adjusted for each segment and resulted in percent identity scores ranging from 99.65% (PB2, PB1, HA, and NA) to 99.80% (MP) ( Table 3 ). The numbers of high-identity observations ranged from 176 (PA) to 1,349 (NS), demonstrating the range of independent evolutionary constraints operating on each segment (i.e., NS is more conserved).
Similar nucleotide lineages were concentrated more often at surveillance locations in close geographic proximity and for samples collected close together in time ( 2 ϭ 587.66; P Ͻ 0.01) ( Table  4 ; Fig. 3 ). The maximum distance between any two high-identity matches was observed within a migratory season for seven of the eight segments (PA excluded). The mean distance between highidentity matches increased marginally across seasons (NS excluded), but observations of these matches decreased significantly ( 2 ϭ 271.27; P Ͻ 0.01) ( Table 4 ). In addition, during the three migratory seasons in which this study took place, we observed significantly more matching lineages within the MMF than within the other flyways ( 2 ϭ 302.42; P Ͻ 0.01) ( Table 5 ). Note that while the NS segment was overrepresented in the high-identity matches (Table 3) , the removal of this segment from the tests did not change the pattern or significance of the result.
On analyzing AIV constellations (all eight segments of the isolate), the number of segments sharing high-identity matches with another virus was negatively associated with both distance and time (Fig. 4 segments between two viruses increased, we observed fewer pairwise matches in the data set, ranging from 2,825 comparisons with 1 matching segment to 4 with 8 matching segments (Table 5 ). In addition, there was a larger number of AIVs within the MMF that shared Ն2 genomic segments in their constellations than between flyways ( 2 ϭ 62.83; P Ͻ 0.01) ( Table 5 ). Only four pairwise comparisons that were not collected on the same day at the same time matched at all eight AIV gene segments. Each of these comparisons occurred between isolates collected within 1 week of each 
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DISCUSSION
Utilizing a novel, systematic strategy of AIV surveillance following the autumn migration of mixed waterfowl populations, we show evidence for increased dispersal of LPAIV gene lineages within the MMF rather than between other migratory flyways. However, while significant gene flow occurs within the MMF over short time frames (i.e., within a migratory season), a pattern of geographic persistence of genetic diversity was apparent in the differential survival of AIV genomic segment lineages over multiple seasons. Furthermore, even though we followed bird populations as they migrated down the river, due to the high levels of reassortment in AIV, we recovered only four isolates containing the same virus constellations. Studies investigating North American AIV movement over much broader geographic and temporal scales suggested that the initial movement of AIVs is likely to occur along migratory routes, but these studies were limited by the availability of surveillance samples from these flyways and may have underestimated the amount of movement occurring within the flyways themselves (19, 20) . The present study provides empirical evidence suggesting that waterfowl in the MMF disperse AIV genetic diversity quickly within the migratory corridor and that surveillance efforts to detect AIV threats to human and domestic animal health should pay particular attention to these routes in initially responding to epidemics/epizootics. It should be noted that while our study documents migration patterns of AIV diversity within the MMF, each migratory flyway is unique and warrants further investigations into how these dynamics vary across flyways around the world.
LPAIVs in the MMF. Studies have shown that LPAIVs can be genetically structured within and between North American migratory flyways (20, 35, 45, 46) , even in light of relatively high levels of gene flow measured between flyways (19) . In the present study, while we observed a pattern of increased dispersal of AIVs within the MMF over short time frames, we also observed signatures of regional persistence of gene diversity across multiple sea- sons, which suggests a temporal effect on the genetic structuring of AIV diversity both within and among flyways. In the MMF, the persistence of these regional lineages across migratory seasons (Fig. 3) likely influenced the significant genetic structuring we observed when considering AIVs sampled across all migratory seasons ( Table 2) . As a result, the sampling of AIVs within the MMF at a few sites in any given year will likely provide a snapshot of the diversity that exists within the flyway and show that movement of these viruses occurs frequently. Traditionally, this is how many very important and noteworthy North American surveillance sites operate (47, 48) . However, repeated annual sampling along the MMF as conducted in this study showed that, over time, the movement of these genetic lineages was often unsuccessful and resulted in a pattern of temporal structuring of the AIVs within the MMF. In addition, the MMF segment lineages that showed spillover events to other flyways, in conjunction with measurable (i.e., Ͼ0) (Fig. 2 ) migration rate estimates between the MMF and other flyways, suggest that while less frequent than intraflyway movement, opportunity does exist for AIV lineages to become established in new geographic regions.
It is difficult to determine which mechanisms govern the successful dispersal and subsequent survival of AIV gene lineages within the MMF and between other flyways. One potential explanation is a neutral process by which low-frequency dispersal events that occur over thousands of kilometers are lost to genetic drift, while lineages at higher frequencies at their site of origin may persist for multiple seasons. However, given the enormous population sizes of AIVs and the relative lack of noncoding portions of the AIV RNA genome, it is likely that drift has a negligible effect on AIV (49, 50) . Instead, the variability in the survival of different AIV gene segments over time and space observed here (Fig. 3) suggests that selective pressures play a larger role than stochastic processes. Potentially, the same selection dynamics that create the phylogenetic splits of viral lineages at both the continental (51) and between-flyway (20) levels operate within the MMF and other flyways as well. Studies in the North American Pacific Flyway have shown that populations of viruses in northern breeding locations in Alaska are genetically distinct from populations of viruses circulating in the wintering populations in California (45, 46) . Some level of competitive exclusion (e.g., host composition or environmental parameters) may operate within the flyway to effectively block migrant lineages from contributing to the dominant lineages circulating in a region (52) . While there is evidence of migrant Eurasian lineages of viruses outcompeting and replacing resident North American lineages, these events appear to be rare (53) . When these lineage replacement events do occur, they appear to be tied to strong selective sweeps that replace the existing diversity on a much broader, continent-wide level (6, 53) .
At the intraflyway level, differing host population immunities and the host species compositions at alternate ends of the flyway are potentially two selective forces influencing any regional genetic structuring and diversity observed within the MMF in this study. The degree of host population immunity is an important driver of the diverse AIV antigenic subtypes that dominate regional sites from year to year (54) . For example, antigenic drift likely results in the absence of similar HA gene lineages (i.e., AIV surface protein ¡ host immunity target) across migratory seasons at the regional sites observed in this study (55) . Similar patterns observed in the other internal segments (PB2, PB1, PA, and NP) (Fig. 3) may result from the hitchhiking of these regional segment lineages with HA (56) . Alternatively, purifying selection resulting in reduced mutation rates and the maintenance of existing diversity in NA, MP, and NS lineages seen in other studies may result in the persistence of these lineages, although sampling of additional migratory seasons is needed (57, 58) . Furthermore, the pattern of AIV prevalence for host species can change during migration for species such as northern shovelers (2.0% in northern birds and 26.0% in southern birds within the MMF), which may suggest a role for host ecology in AIV lineage survival among breeding and wintering sites in the MMF, as has been reported in other studies (59, 60) . Future studies should consider the roles that differing host complexes at regional localities may play in AIV persistence.
This study showed that virus constellations sharing a large number of segment lineages were transient, existing for short periods and rarely outside sampling localities (Fig. 4 and 5) . However, joint estimations of migration rates for five of the internal gene segments provided evidence that when movement of constellations does occur, it is primarily within the flyway ( Fig. 2 ; Table  5 ). The amount of reassortment suggests that it is unlikely that wild birds move entire AIV constellations from northern breeding grounds to wintering grounds (or vice versa in the next North American spring) during the course of a regular migratory season in the MMF. Instead, AIV gene segment dispersal by wild birds relies on rapid reassortment of constellations along the migratory flyway and, to a greater degree, among flyways (61) . The observations of gene dispersal and limited persistence of gene lineages among flyways are likely the result of countless introductions and subsequent removals of single gene lineages introduced by reassortment to AIVs in other flyways (19) . The vast majority of reassortment events have negligible effects on AIV fitness and are presumably limited only by the rate at which multiple infections occur in host species (8) . However, while it was not observed here, multiple studies have found persistence of entire AIV constellations across migratory seasons, suggesting the possible persistence of a virus in the environment until opportunistic exposure to some naive host species (62) (63) (64) , although environmental conditions likely influence this persistence (65) .
Influenza A virus similarity. An important aspect of this study was the percent identity values used to define similarity among virus segments, as these values can greatly influence the interpretation of AIV ecology. We defined a conservative criterion for determining virus identity based on the genetic variability observed for each segment. Influenza A virus can mutate at rates of up to 10 3 mutations/site/year (66) . While these rates typically result in many mutations, the population sizes of these viruses allow for efficient selection to remove even marginally deleterious changes (49, 67) . In addition, even synonymous changes in influenza A viruses can have significant fitness effects and likely experience some level of selection (68) . Therefore, any nucleotide differences observed between two viruses likely represent mutations that have passed through several selective "sieves." Recently, Reeves et al. (42) showed that a 99% nucleotide identity was a natural cutoff for determining virus similarity among AIVs collected from waterfowl in Alaska, and multiple other studies have built off this work, even exploring nucleotide identity values as low as 97% (63, 64, 69) . However, due to the large number of isolates included in this study and the variability among regions, we did not observe a natural cutoff and instead selected the top 1% of all pairwise comparisons within an AIV gene segment to define virus identity (Table 3) . While all tests included in this study were significant and showed similar patterns at a 99% nucleotide similarity level, the 1% pairwise cutoff value better defined the amount of genetic variability in this study. A 1% cutoff reduced our variance among matching AIV segments by an order of magnitude (compared to a 99% identity score) and allowed for various levels of nucleotide identity for each independently evolving gene segment (70) . Note that while we acknowledge that phylogenetic distances (i.e., patristic distances) (71) may be a more appropriate measure of relationships among viruses, these distances are still subject to arbitrary cutoff values and make measurements of reassortment more difficult (72) .
Implications for wild bird surveillance. This study offers support for the AIV spread by migratory wild birds evident in the dispersal of AIV segment genetic diversity within the migratory flyway over short periods. However, the apparently stochastic nature by which AIV lineages disperse, in addition to the selective pressures limiting most dispersal events, makes it difficult to determine the ecological factors influencing AIV gene flow in wild birds within the MMF (73) . Ultimately, surveillance efforts in wild birds should be conducted with the goal of capturing AIV diversity, both antigenic and genetic, to prevent and prepare for pandemic threats and potential spillover to domestic animals (7) . In order to capture this diversity, surveillance should be conducted annually given the rate at which these viruses appear to move with wild birds and among strategically placed (both temporally and geographically) sites along migratory corridors. This result is especially relevant for surveillance projects conducting surveillance for highly pathogenic strains in wild birds (74) . Given the degree of reassortment in AIVs observed here, surveillance sites for strains of interest (e.g., HPH5N1, HPH7N3, and LPH7N9) are ideally situated within migratory routes, although gene segments from any one of these viruses may be found in other flyways (61, (75) (76) (77) . While targeted surveillance efforts are necessary for rapid responses to disease threats, continued longitudinal studies examining the persistence and evolutionary patterns at regional sites are essential for elucidating the natural history of these viruses in their wild bird hosts (78, 79) .
